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Abstract: Phosphatized biomorphs, resembling modern and ancient bacteria, were identified for the first time in
phosphate nodules, present at the base of the Bild Hora Formation (uppermost Cenomanian — lower Turonian), and
in phosphate coprolites at the base of the Teplice Formation (upper Turonian) in the Bohemian Cretaceous Basin.
They are present in colonies as filaments, coccoids, strings, rods and outgrowths, associated with the phosphate as
part of the rock constituents and display the characteristics of fossilized bacteria. Two types of bacteria were iden-
tified: chemotrophic, sulphur-reducing bacteria in the phosphate nodules and phototrophic cyanobacteria in the
phosphate coprolites. Microanalysis of some of the fossil bacteria revealed a fluoride-rich calcium phosphate com-
position, compatible with the composition of bulk samples, in which carbonate-fluorapatite is the main mineral in
the phosphate nodules and coprolites. The environmental indications of these fossil bacteria support the interpreta-
tion of an anoxic environment of phosphogenesis in the latest Cenomanian — earliest Turonian and variable redox
conditions of coprolite phosphatization in the late Turonian. The potential microbial role in phosphogenesis in the
former may have involved the suboxic breakdown of P-rich organic matter by sulphur-reducing bacteria and the
release of phosphorus in the pore water, leading to the biochemical precipitation of phosphate. The latter involved
initial P-storage by phototrophic bacteria in an oxic environment, followed by P-release below the sediment—water

interface under suboxic conditions and subsequent phosphatization of the coprolites.
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INTRODUCTION

Bacteria have been identified in many modern and ancient
phosphogenic systems and were considered to facilitate
phosphate mineralization and play a role in phosphogenesis
(e.g., Gallardo, 1977; Soudry and Lewy, 1988; Reimers et al.,
1990; Nathan et al, 1993; Lamboy, 1994; Schulz et al.,
1996; Schulz and Schulz, 2005; Berndmeyer et al., 2012;
Crosby and Bailey, 2012; Edwards et al., 2012; Bailey et al.,
2013; Hiatt et al., 2015).

It was demonstrated conclusively, using a radioactive
tracer (**P) and modern bacteria and sediments, that bacteri-
ally metabolized P led directly to apatite precipitation (Gold-
hammer et al., 2010). Recent work indicates that the most
efficient microbial processes to concentrate and promote
the precipitation of apatite are bacterial sulphate reduction
and bacterial sulphide oxidation (Arning et al., 2009; Brock
and Schulz-Vogt, 2011; Crosby and Bailey, 2012; Bailey et
al., 2013; Lepland et al., 2013; Hiatt et al., 2015). Although
microbial mediation probably is essential for mobilizing

and redistributing phosphorus in surficial sediments, obser-
vations of both modern and ancient phosphogenic systems
indicate the contributions of other factors in the formation
of marine sedimentary phosphorites, including low sedi-
mentation rates, strong bottom currents and an abundance
of organic matter (F6llmi, 1996; Li and Schieber, 2015).

The importance of sulphur-reducing bacteria in the for-
mation of modern marine phosphatic sediments has been
demonstrated in numerous recent studies (e.g., Arning et al.,
2009; Berndmeyer et al., 2012; Hiatt et al., 2015). In sed-
iments of marine upwelling systems, the degradation of
organic matter via sulphate reduction is considered the
predominant anaerobic oxidation process (Arning, 2008).
The generally high P in pore water is believed to be due to
the bacterial breakdown of organic matter and the concen-
tration of polyphosphate largely by sulphur chemosynthetic
bacteria (Schulz and Schulz, 2005; Arning et al., 2009;
Goldhammer et al., 2010; Hiatt et al., 2015).
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Phototrophic sulphur-oxidizing bacteria, on the other
hand, are abundant in modern and ancient marine phos-
phorite settings and are believed to play an important role
in phosphogenesis. They are capable of storing phosphate
under oxic conditions and releasing large amounts of dis-
solved orthophosphate into pore water under suboxic condi-
tions, facilitating rapid apatite precipitation (Burnett, 1977;
Reimers et al.,, 1990; Schulz and Schulz, 2005; Goldham-
mer et al., 2010; She et al., 2014). The presence of sul-
phur-oxidizing bacteria in modern, oxygen-poor phospho-
genic settings led many authors to interpret phosphatized
filaments as fossilized sulphur bacteria and to propose that
these organisms were involved in microbial-mediated phos-
phogenesis (Williams and Reimers, 1983; Reimers ef al.,
1990; Nathan et al.,, 1993; Krajewski et al., 1994; Bailey
et al., 2009).

Various types of phosphate component have been record-
ed and described in several horizons of the Cenomanian and
Turonian sequences of the Bohemian Cretaceous Basin.
They are present in the form of nodules, internal bivalve
moulds, sponges, intraclasts, crusts, shark teeth and copro-
lites (Zitt et al., 1998, 2015; Wiese et al., 2004; Cech et al.,
2005; Vodrazka et al., 2009). The purpose of the present
contribution is to report for the first time the presence of
fossil bacteria in some of these phosphate components.
The study focuses on the description, characterization and
chemical composition of biomorphs <1-3 pum in size, be-
lieved to be fossil bacteria, in the phosphate nodules and
phosphate coprolites of the Bild Hora and Teplice forma-
tions, respectively. Their environmental implications and
possible influence on phosphogenesis are discussed.

GEOLOGICAL SETTING

The Bohemian Cretaceous Basin (BCB) is an intracon-
tinental basin, formed in the mid-Cretaceous as a seaway
between the North Sea and the Tethys Ocean (Uli¢ny, 1997,
2001). Its limits in the Czech Republic today extend from
Brno in E Moravia across Bohemia to the N and W of
Prague (Fig. 1). It is believed that the basin was formed by
the reactivation of a fault system in the Variscan basement
of the Bohemian Massif in the mid-Cretaceous (Uli¢ny,
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Fig. 1.  Location map of the Bohemian Cretaceous Basin in the
Czech Republic (after Wiese et al., 2004), showing the sampling
sites at the Pecinov and Upohlavy quarries.
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1997; Uli¢ny et al., 2009). Sedimentation within the BCB
began during the late Albian or earliest Cenomanian (Valec-
ka and Skocek, 1991), with displaced fault zones creating
topographical lows adjacent to erosional source areas (Kear
etal, 2013).

The Cenomanian — lower Turonian sequence in the BCB
is represented by the Peruc-Korycany Formation (Cenoma-
nian) and Bild Hora Formation (uppermost Cenomanian —
—lower Turonian) (Cech et al., 2005; Kostak et al., 2018).
The Peruc-Korycany Formation consists of three members:
the Peruc and Korycany members (Cech et al., 1980) and
the Pecinov Member (Uli¢ny, 1997). The Cenomanian—
—Turonian boundary in the BCB, as documented in the
Pecinov Quarry section, is marked by stratigraphic con-
densation and erosional unconformity (Uli¢ny et al., 1997).
On the basis of 8"°C analysis, the oceanic anoxic event
(OAE 2), globally documented across this boundary, is re-
ported to be missing in the Pecinov Quarry section, owing
to erosion (Kostak et al., 2018). The lithology of these rock
units was reported by Cech ez al. (1980) and Uliény (1997).

Peruc Member: The lower part comprises fining-upward
cycles of grey sandstones and conglomerates, interbedded
with grey mudstones. The upper part consists of grey sand-
stones and conglomerates, but is dominated by mudstones
with root zones. Carbonaceous plant debris is common.
The uppermost part consists of finely laminated, black
mudstones with lenses and interbeds of siltstones and fine-
grained sandstones.

Korycany Member: This consists of well sorted, fine-
and medium-grained quartz sandstone and clayey sand-
stone. It contains thin, plant-rich layers and mud drapes
and suffered intensive bioturbation. In the middle and up-
per parts of the section, a thin heterolithic facies is evident.

Pecinov Member: This is characterized by dark grey,
clayey, variably calcareous, glauconitic, silty mudstone
with brown, phosphatic nodules, pyrite, sponge spicules
and a marine macrofauna (mostly bivalves and ammonites).
The base of the member is marked by an erosional uncon-
formity and a thin bed of pebbly sandstone. The late Cen-
omanian sequence at the Pecinov Quarry includes units
P1-P4 of Uli¢ny et al. (1997) (Fig. 2). They are separated
by burrowed omission surfaces and consist of dark grey,
glauconitic siltstone and mudstone with pyrite nodules and
rare phosphate intraclasts; they are overlain by the Bila
Hora Formation at an omission surface (Kostak et al.,
2018).

Bila Hora Formation: The lithology of the lowermost
part of the Bila Hora Formation at the Pecinov Quarry
(Unit BHI1 of Uli¢ny et al., 1997) is a dark grey, glauco-
nitic mudstone with abundant brown and grey phosphate
nodules. The contact with the underlying unit is marked by
an erosion surface with dense Chondrites burrows (Fig. 2).
The burrows pipe the sediments downwards into the under-
lying mudstone of the Pecinov Member.

The late Turonian sequence in the BCB is represented by
the Jizera and Teplice formations. The lithology and biostra-
tigraphy of the younger Teplice Formation were studied at
the Upohlavy Quarry by Cech ez al. (1996) and Wiese et al.
(2004), among others. This work deals with the phosphatic
horizons in the lower part of the Teplice Formation.
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Fig. 2.  Lithostratigraphic columnar section of the Cenomanian/Turonian boundary at the Pecinov Quarry (modified after Uli¢ny et al.,
1997), showing lithological units, Ammonite Zones and bottom oxygenation. S —sampling location.
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Teplice Formation: At the Upohlavy Quarry, two phos-
phatic, coprolitic beds are recognized in the basal part of the
Teplice Formation (Cech et al., 1996). They are developed
on highly bioturbated erosion surfaces and contain phosphate
coprolites, phosphatic pebbles and phosphatized vertebrate
remains. The boundary between the Jizera and Teplice for-
mations is taken to be at the base of the Lower Coprolite Bed
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(Fig. 3). It is 20-30 cm thick and glauconitic, with mm-size
quartz grains and bored phosphate clasts. The contact is ero-
sional, sharp and undulating, marked by skeletal debris and
siliciclastic filling of burrows. The Lower Coprolite Bed
grades upward into dark marl, which is terminated by another
bioturbated and undulating erosional surface, sharply over-
lain by the Upper Coprolite Bed (Wiese et al., 2004).
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Fig 3.

Lithostratigraphic columnar section of upper Turonian sequence at the Upohlavy Quarry, showing location of coprolite beds

at the base of the Teplice Formation (modified after Wiese et al., 2004). S — sampling location.
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MATERIAL AND METHODS

Several samples of phosphate nodules and phosphate co-
prolites were extracted from the glauconitic, silty mudstone
ofthe basal part of the Bild Hora Formation (Unit BH1) at the
Pecinov Quarry (Fig. 2) and from the Lower Coprolite Bed
of the Teplice Formation at the Upohlavy Quarry (Fig. 3)
respectively. They were examined by means of a polar-
ized-light optical microscope and their mineral phases were
determined by X-ray diffractometry (XRD) at the Czech
Geological Survey (CGS). The samples were crushed and
homogenized in an agate mortar for the XRD analysis. The
powder X-ray diffraction patterns of whole-rock samples
were collected in Bragg-Brentano geometry on a Bruker D8
Advance Diffractometer, using CuKa radiation and a Lynx
Eye XE Detector. Automatic divergence slits (ADS 10 mm)
and Soller slits 2.5° (in primary and secondary beam) were
used. The data were collected in the angular range 4-80° 26
with a 0.015° step and a time of 0.4 s. per step. The X-ray
spectra were compared with standard XRD reflections for
mineral identification (available in the software of the in-
strument). The chemical analysis of P,O; in the phosphate
nodules and coprolites studied was carried out following
conventional wet chemistry procedures applied at the Czech
Geological Survey (CGS) (Dempirova et al., 2010) and the
CO, content in the structure of the apatite was determined
(as CO,) from X-ray diffractograms, following the proce-
dure of Gulbrandsen (1970).

For the detailed study of the samples, a scanning elec-
tron microscope (SEM) was used; the FEG-SEM Tescan
MIRA 3GMU, fitted with a SDD X-Max 80mm? EDX de-
tector (CGS laboratories), using Aztec Energy software for
processing the spectra. The samples were coated prior to
analysis with a 20-nm-thick layer of Au to avoid charging
effects. The SEM imaging mode and the EDX analysis were
conducted under conditions of 20 keV accelerating volt-
age, 1 nA probe current and WD 8 mm. The FEG-SEM has
a primary electron beam focused to a very small probe of
~5 nm at given conditions, which allowed excellent spatial
resolution for imaging. However, the excitation volume,
from which X-rays are emitted, is much larger, typically
1-2 pm for this kind of matrix, so that the EDX spectrum
can contain also the information about the surrounding ma-
terial. To minimize possible matrix interference, some sam-
ples were reanalyzed without Au coatings, using a much
lower energy of the incident electrons of 5 keV, focused to
a very small probe of ~5 nm to reduce significantly the in-
teraction volume of the analysed spot. For the estimation
of this volume, the authors used Casino free software; the
excited region for the matrix of the apatite composition
modelled is in the range of 100200 nm. To further reduce
the interaction volume, the samples were tilted with respect
to the electron beam (~60 deg.). The resulting EDX spectra
have an interaction volume that is comparable to the size
of the objects analysed and thus are representative of their
chemical composition.
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RESULTS

Petrographic description

Optical microscopy: The phosphate nodules of the Bila
Hora Formation are brown; and several centimetres in size,
with polished surfaces and occasional borings. Under op-
tical microscope examination, all phosphate nodules col-
lected from the Bild Hora Formation were seen to contain
abundant grains of silt-size, angular quartz (<0.1 mm), glau-
conite pellets and organic residues, forming botryoidal or
mammillary internal patterns (Fig. 4A, B). Some nodules
show borings or cracks and cavities and most of them con-
tain pyrite (Fig. 4C). The phosphate coprolites of the Tep-
lice Formation are brown and cylindrical in shape, several
centimetres long and about 1 cm in diameter, with convo-
lutionary or coiled surfaces and pointed ends. They contain
less foreign inclusions of quartz and glauconite, compared
to the Bila Hora phosphate nodules and are rich in organ-
ic residues, often showing biomorphic, tangled structures
(Fig. 4D, E). Globular biomorphs, 0.02 mm in size, are
common in the coprolites and some are hollow (Fig. 4F).

Scanning electron microscopy: SEM examination of
phosphate nodule samples (Bila Hora Formation) show well
preserved, tubular and filamentous biomorphs, closely asso-
ciated with the phosphate phase. They are less than 1 pm in
diameter and may reach several pm in length, present as sin-
gle items or as colonies of rods, filaments, bundles, strings
and biofilms (Figs SA-D, 6A, B, 7A, B). The phosphate
matrix occasionally show well develped apatite crystallites
(Fig. 5E) and framboidal pyrite (Fig. 5F). However, the ap-
atite in the matrix is mostly present as crystallites of primi-
tive shape (Fig. 8A) or as phosphate lumps without defnite
crystal form (Fig. 8B). The SEM images of the phosphate
coprolites show them as densely populated with colonies of
simple, coccoidal biomorphs, 2-3 um in diameter, with cell-
wall structures and empty interiors (Figs 9A, B, 10).

Mineral and chemical characterization

Carbonate-fluorapatite is the major mineral in the phos-
phate nodules and coprolites studied, as shown in XRD
analysis (Fig. 11A, B). It is crystalline with characteris-
tic sharp XRD reflections, identical to spectra reported in
the literature (e.g., Perdikatsis, 1991; Regnier et al., 1994;
Fig. 11C). The remaining accessory minerals, identified by
means of optical microscopy and bulk-sample XRD anal-
ysis, are glauconite; quartz; pyrite and kaolinite. The PO
content of the phosphate components was found to range
from 19.6 wt % to 26.5 wt. % in the phosphate nodules
(8 samples) and from 22.8 wt. % to 28.4 wt. % in the copro-
lites (7 samples). The CO, content in the apatite structure,
determined from the XRD spectra of five samples, ranges
from 7.0 to 7.6 wt. % in the nodules and coprolites.

The chemical composition of the fossil biomorphs in the
phosphate nodules was initially investigated by EDX micro-
analysis of Au-coated samples with a conventional acceler-
ating voltage of 20 keV (Fig. 6A, B). The results obtained
show P, Ca, Si, Al, Fe and C, in addition to Au (the coating
material). To avoid interference from the surrounding ma-
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Fig. 4. Polarized optical microscope photomicrographs. A. Phosphate nodule with quartz (Qz) and glauconite (Glt) inclusions in phos-
phate matrix rich in organic residues (o), Bila Hora Formation, Pecinov Quarry (plain polarized light). B. Phosphate nodule is rich in
organic residues (0) and contains inclusions of quartz (Qz) and glauconite (Glt), Bila Hora Formation, Pecinov Quarry (plain polarized
light). C. Phosphate nodule containing idiomorphic pyrite crystals (Py), angular quartz (Qz) and rounded glauconite pellets (Glt) in
phosphate matrix, Bila Hora Formation, Pecinov Quarry (plain polarized light). D. Phosphate coprolite showing phosphatized tangled
structures (t) and coccoidal biomorphs (c), Teplice Formation, Upohlavy Quarry, (semi-crossed nicols). E. Phosphate coprolite with or-
ganic (bacterial?) fabric (b) in phosphatized matrix, Teplice Formation, Upohlavy Quarry (semi-crossed nicols). F. Phosphatized coccoidal
biomorphs (c) in a phosphate coprolite, Teplice Formation, Upohlavy Quarry (semi-crossed nicols). (Mineral abbreviations according to
Whitney and Evans, 2010).
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1 pm 10 pm

Fig. 5.  Phosphatized bacterial biomorphs, apatite and framboidal pyrite in the phosphate nodules, Bila Hora Formation, Pecinov Quarry.
A. SEM image of bacterial strings, filaments and capsules (b) present as colonies in apatite matrix. B. SEM image of a bacterial colo-
ny (b). C. SEM image of a string of bacterial capsules (b) developed at the edge of phosphate biofilm. D. SEM image of phosphatized
twisted filamentous bacteria (b) in apatite biofilm. E. SEM image of bacterial accumulation (b) on top of a stack of apatite crystals (Ap).
F. SEM image of framboidal pyrite (Py) in a phosphate nodule.
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SEM images and EDX spectra of Au-coated samples analysed using 20 keV beam energy. A. SEM image and spectrochemical

analysis of bacteria-like filaments (b) with outgrowths and rod-shaped bacteria structures, showing rounded ends in a phosphate nodule,
Bila Hora Formation, Pecinov Quarry. B. SEM image and spectrochemical analysis of phosphatic biofilms (f) in a phosphate nodule, Bila

Hora Formation, Pecinov Quarry.

trix, uncoated nodules and coprolites samples were analysed
with a low-energy beam of 5 keV and the excited region
was reduced to 100-200 nm. The results obtained indicate
a fluoride-rich calcium phosphate composition for these bio-
morphic nanostructures in the nodules (Fig. 7A, B), and the
same for the coccoidal structures in the phosphate coprolites
(Fig. 10). The EDX analysis of the phosphate matrix hosting
these fossil biomorphs, under the same conditions of SkeV
using uncoated samples, showed peaks of C, Si and Al of
considerable intensity, in addition to the peaks of P, Caand F
(Fig. 8A, B).

DISCUSSION

Biogenic nature of the nanostructures

The nanostructures believed to be fossil biomorphs, iden-
tified in the SEM images of the phosphate nodules (Bila
Hora Formation) and phosphate coprolites (Teplice For-
mation), are of sizes and shapes, characteristic for recent

and ancient bacteria (see Kazmierczak et al., 1996; Astafieva
and Rozanov, 2012; Bailey et al., 2013; Hiatt et al., 2015).
The nanofossils studied form integral parts of the textural
constituents of the phosphate nodules in the Bila Hora For-
mation and the phosphate coprolites in the Teplice Formation.
They show cellular structures and colonial associations in
cavities and appear as intrinsic parts of the rock constituents.

The fossil biomorphs in the phosphate nodules of the
Bila Hora Formation (Unit BH 1) have biological filaments,
rods and cellular strings of microbial forms, characteristic
for bacteria (Figs SA-D, 7A, B). On the other hand, the bi-
omorphs observed in the phosphate coprolites of the Tep-
lice Formation (Lower Coprolite Bed) show simple, coc-
coidal forms with a mineralized, bacterial cell-wall structure
(Figs 9A, B, 10). Most of the phosphate nodules exam-
ined in thin section contain black residues of organic origin
(Fig. 4A, B). Resistant organic matter preserved in the apa-
tite is considered to represent organic residues produced di-
rectly from bacteria, particularly bacterial cell-wall materi-
al, because of its refractory nature (Philp and Calvin, 1976;
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Fig. 7.

SEM images and EDX spectra of not coated samples analysed using low energy of the incident electrons of 5 keV. A. SEM im-

age and spectrochemical analysis of twisted and branched bacterial filament (b) developed in a concentration of rod-shaped, bacteria-like
outgrowths growing from apatite matrix, Bila Hora Formation, Pecinov Quarry. B. SEM image and spectrochemical analysis of phospha-
tized string of bacteria capsules (b) in a colony of phosphatized bacteria outgrowths in a phosphate nodule, Bila Hora Formation, Pecinov

Quarry.

Kazmierczak et al., 1996; Hiatt et al., 2015). The above
criteria, observed in this work, support the bacterial origin
of the fossil biomorphs in the phosphate nodules and copro-
lites and are documented by many authors, who suggested
a biogenic origin and the authenticity of such microstruc-
tures as fossil bacteria (Buick, 1990; Kazmierczak et al.,
1996; Westall, 1999; Schopf et al., 2007).

Characterization of the fossil bacteria

Chemotrophic sulphur-reducing bacteria: The mor-
phology of the filament and rod biomorphs observed in
pores and cavities and along apatite margins in the phos-
phate nodules of the Bild Hora Formation and their < 1 um
size (Figs 5-7) indicate that they are fossilized bacteria,
comparable with their modern and ancient analogues. They
resemble in shape, structure and size the sulphur-reducing
bacteria noted in previously published images of ancient an-
alogues (e.g., Bailey et al., 2009; Astafieva and Rozanov,
2012; Hiatt et al. 2015). The filaments occur in bundles that
curve and interweave and are incorporated in authigenic
and early diagenetic apatite, but have no resemblance to the
associated, inorganic structures of apatite. The present au-

thors suggest that these biomorphs are mineralized, former-
ly tubular structures and represent, in their opinion, on the
basis of similarity to modern and ancient analogues, fossil
sulphur-reducing bacteria that were preserved in the sedi-
ments by phosphatization. This identification is supported
by the common presence of framboidal pyrite structures in
the phosphate nodules (Fig. 5F), which is usually connected
with vital activity of sulphur-reducing bacteria (Schieber,
1989; Hiatt ef al., 2015). Pyrite and other sulphide minerals
can be produced simultaneously with apatite as a result of
the activity of sulphate-reducing bacteria (Arning, 2008).
Phototrophic bacteria: The 2-3-um-size, simple, coc-
coidal fossil biomorphs, present in the phosphate copro-
lites of the Lower Coprolite Bed of the Teplice Formation
(Figs 9, 10), resemble benthic coccoidal cyanobacteria and
are morphologically similar to ancient and modern ana-
logues (see Kazmierczak et al., 1996; Hoffman, 1999; Pa-
linska et al., 2006). Cyanobacteria have diverse morpholog-
ical, biochemical and physiochemical properties (Palinska
et al., 2006) and because of their relative structural com-
plexity, the term “cyanobacteria” often has been used in a
wide sense including all oxygenic photosynthetic prokary-
otes (Hoffman, 1999). Fossil cyanobacteria are traditionally
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Fig. 8.

SEM images and EDX spectra of not coated samples analysed using low energy of the incident electrons of 5 keV. A. SEM

image and spectrochemical analysis of the matrix material in the phosphate nodule hosting bacteria in Fig. 7A, showing primitive apatite
crystallites. B. SEM image and spectrochemical analysis of the matrix material in the phosphate nodule hosting bacteria in Fig. 7B, show-

ing phosphate lumps.

characterized and identified by morphological properties,
revealed by optical and scanning electron microscopy (Pal-
inska et al., 2006).

The coccoidal structures found in the phosphate copro-
lites cannot be mistaken for pollen or foraminifera or for
inorganically precipitated calcium phosphate spherules
or any other inorganic structures. This argument is based
on their uniform size (2-3 pm in diameter), empty interi-
or, cell morphology, the presence of a cell-wall structure
(Fig. 9A, B) and their occurrence as colonies (Fig. 10).
These colony-forming groups of capsules are more simi-
lar in size, shape and structure to coccoidal cyanobacteria
than to any other type of bacteria (see Kazmierczak ef al.,
1996; Hoffman, 1999; Palinska et al., 2006; Astafieva and
Rozanov, 2012). Cyanobacteria are unicellular and spheri-
cal; as well they perform oxygen-evolving photosynthesis
to form coccoid cyanobacteria and cyanobacterial capsules
(see Kazmierczak et al., 1996; Vincent, 2009). The presence
of fossil cyanobacteria in colonies in the phosphate copro-
lites, forming an integral part of the phosphate phase, indi-
cates the flourishing of these microbes during early diage-

netic processes. Their growth was enhanced by the warm
mid-Cretaceous climate, the availability of light in a shal-
low-marine environment and by using phosphorus, nitrogen
and other nutrients, expected to be present in the faecal ma-
terial of the predator from considerations of its type of diet
(see Fig. 9B).

Mineralogy and chemical composition

The P,O, contents of the phosphate nodules (22.8-
—28.4 wt. %) and coprolites (19.6-26.5 wt. %) correspond
to carbonate-fluorapatite content of 63—85 modal % in the
former and 72-90 modal % in the latter, considering that
carbonate-fluorapatite contains about 34 wt.% P,O,. The CO,
content in the apatite structure, determined from the XRD
spectra of the apatite in the nodules and coprolites, ranging
from 7.0 to 7.6 wt. %, confirm the carbonate-fluorapatite
composition in the phosphate components studied, found by
XRD analysis (Fig. 11A, B). However, it was a challenge
to obtain a reliable EDX chemical analysis of the minute
(<1-3 pm) structures with minimum interference from the
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Fig. 9.
phosphatized biofilms of a phosphate coprolite, Teplice Formation, Upohlavy Quarry, and (B) phosphatized spherical bacterial cells
(b) showing well-defined cell walls closely associated with a phosphatic fish tooth (f) in a phosphate coprolite, Teplice Formation,

Upohlavy Quarry.

matrix. Most micro-analytical techniques, including EPMA
and micro-XRD, would face problems from various degrees
of interference in attempts to analyse such micron-size
structures. They may provide adequate spatial resolution,
but certainly cannot avoid interference from the matrix.

This problem was faced, when using conventional beam
energy of 20 keV in the EDX microanalysis of Au-coated
nodule samples, which showed in addition to P and Ca,
peaks of Si and Al with considerable intensities (Fig. 6A, B).
These could have been produced from the minor amounts of
quartz and aluminosilicates present in the matrix. The trac-
es of Fe peaks in these EDX spectra (Fig. 6B) may be due
to pyrite that is commonly present in the nodules, where-
as the traces of carbon (Fig. 6A, B) may be attributed to
more than one source. It may attest to the biological nature
of these nanostructures, or to the organic residues present
in the phosphate matrix and/or it may represent structural
CO, of the carbonate-fluorapatite. These suggestions infer
that the P and Ca peaks, detected in the Au-coated samples
hosting the bacterial structures, could have been enhanced
by the apatite and other minor mineral constituents present
in the matrix, when using conventional voltage of 20 keV.
Thus, these results are probably not conclusive enough to
determine the composition of the bacteria structures.

To remove possible matrix interference with the chemi-
cal composition of the bacterial structures, the EDX micro-
analysis was performed using uncoated samples of nodules
and coprolites, under a low-energy beam current of 5 keV
and electron beam focused to a very small probe of ~5 nm,
where the excited region was reduced to 100-200 nm. The
results point to a fluoride-rich calcium phosphate as the ma-

B 10 ym

SEM images of (A) a colony of spherical biomorphs with an empty interior (b) resembling cyanobacteria, developed in the

25 uym

0.2

0.1

cpsleV

F
Ca Ca ca

Fig. 10. SEM image (A) and spectrochemical analysis (B) of
a colony of spherical phosphatized biomorphs with uniform size in
a phosphate coprolite, Teplice Formation, Upohlavy Quarry. Un-
coated sample analysed using low energy of the incident electrons
of 5 keV..
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C. Typical X-ray diffraction spectra of carbonate—fluorapatite (Regnier ez al., 1994).
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jor composition with Al and Si impurities absent or occur-
ring only as trace amounts (Figs 7A, B, 10). Carbon was
not detected in these spectra possibly because of the low
concentration and low energy of the beam current applied.
The EDX analysis of the matrix hosting the fossil bac-
teria structures in the uncoated nodules samples under the
same conditions show peaks of P, Ca, and F, corresponding
to the apatite composition of the matrix. They also show
peaks of Si and Al of considerable intensity (Fig. 8A, B)
corresponding to inclusions of quartz and aluminosilicates
present in the matrix. Carbon was also detected in the ma-
trix spectra, corresponding to organic matter and structural
CO, of the apatite. These results indicate that the special
conditions adopted in the analysis of these <1-3 um bio-
structure have sufficiently reduced the interference from the
matrix, evidenced by the diminishing peaks of Si and Al in
the spectra of the fossil bacteria, compared to those in the
matrix under the same analytical conditions. The peaks of
Al and Si would have appeared in the bacteria spectra, if
there had been matrix interference. The results, showing Ca,
P and F peaks only, are relatively close to the composition
of carbonate-fluorapatite that dominates the mineralogy of
the nodules and coprolites; they conform to the mineral
composition of bulk samples, determined by XRD analysis,
indicating that these fossil bacteria are phosphatized.

Environmental implications

The type and habitat of the fossil bacteria, recognized in
the phosphate components studied, may be useful in charac-
terizing environmental conditions during their deposition-
al history. The presence of chemotrophic sulphur-reducing
bacteria in the phosphate nodules indicates anoxic condi-
tions during the latest Cenomanian in the Pecinov Quarry
section, which is compatible with the globally recognized
oceanic anoxic event (OAE2), detected across the Cenoma-
nian—Turonian boundary (e.g., Uli¢ny et al.,, 1997; Jarvis
et al., 2006; Kostak ef al., 2018). The pristine phosphate de-
posits, however, were reworked and matured in the shallow-
ing event that followed and were mechanically emplaced in
the overlying lowest lower Turonian units (Laurin, 1996 and
according to the field observations of the present authors),
but they still hold the bacterial signature of the latest late
Cenomanian oceanic anoxia. The signature of this anoxic
event was also shown in the REE patterns of distribution
in these phosphate nodules (Al-Bassam and Magna, 2018).
Borings, often observed in the phosphate nodules, are
younger trace fossils and indications of the oxic conditions
that prevailed during the shallowing event and subsequent
reworking of the phosphate components.

Cyanobacteria, on the other hand, are phototrophic bac-
teria that can thrive in various aquatic environments, includ-
ing marine and fresh water as well as in soil. They occur over
a wide range of water temperature, pH, redox potential and
salinity, hence they are not of great value as palacoenviron-
mental indicators for ancient sedimentary systems. Howev-
er, cyanobacteria are reported to prefer warm temperatures
for growth (>15°C) and alkaline conditions and can tolerate
water salinities of up to 30 gm/l (Vincent, 2009). They usu-
ally thrive in oxygenated environments, but some types of
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cyanobacterial are characteristic components of sediments
in the oxygen minimum zones of modern oceans (Fossing
et al., 1995; Buck and Barry, 1998; Schulz et al., 1999; Gal-
lardo and Espinoza, 2007). In the present study, the authors
suggest two successive environments for these bacteria;
an earlier one, where they thrived in the faecal material and
stored phosphorus in the shallow, marine environment and
warm, oxic conditions of the photic zone, and a later stage, in
which they were buried below the sediment—water interface,
where they released phosphorus under suboxic conditions.

Potential role of bacteria in phosphogenesis

Phosphate nodules: The close association of the sul-
phur-reducing fossil bacteria with the apatite phase, shown
in the SEM images, indicates that they may have mediated
in phosphate precipitation in the manner described and doc-
umented in recent phosphogenic environments (e.g., Bailey
etal., 2013). The bacterial mediation in phosphogenesis also
has been shown by various authors to lead to apatite precipi-
tation and the potential encapsulation of the bacteria in mod-
ern and ancient phosphogenic environments (Soudry and
Champetier 1983; Krajewski ez al., 1994; Schulz et al., 1999;
Schulz and Schulz, 2005; Konhauser, 2007; Arning et al.,
2009; Hiatt et al., 2015).

The main source of phosphorus in the late Cenomanian
phosphogenic event(s) in the BCB was most probably or-
ganic matter, entrapped in the sediments, which reportedly
contain up to a few weight percent P that is very efficient-
ly returned to seawater under anoxic conditions (Froelich
et al., 1982; Ingall and Jahnke, 1994). The authors suggest
that the potential role of the chemotrophic sulphur-reducing
bacteria in phosphogenesis was to break down sedimenta-
ry organic matter and to release phosphate in the suboxic
marine environment below the sediment-water interface.
In such an environment, sulphur-reducing bacteria can
also liberate phosphate, sorbed onto Fe-oxide and Fe-ox-
yhydroxide particles, and concentrate polyphosphate com-
pounds inside their cells. When orthophosphate is available
in pore waters, some bacteria can influence phosphogene-
sis with the precipitation of authigenic phosphate miner-
als, which can cause self-phosphatization, where the cells
become embedded in the phosphate matrix, preserving de-
tailed intracellular structures (Benzerara et al., 2004; Raff
et al., 2008; She et al., 2014). Phosphatic precursors to ap-
atite are thought to commonly nucleate on bacterial cells,
which leads to the phosphatization of the microbes (Bailey
et al., 2007). The record of the biomineralization and micro-
bial mediation in phosphogenesis of the phosphate nodules
at the base of the Bila Hora Formation is well preserved in
the phosphatized fossil bacteria.

Phosphate coprolites: The phosphate coprolites in
the upper Turonian Teplice Formation represent another
phosphogenic event in the sequence of the BCB studied.
The coprolites witnessed several stages of diagenetic phos-
phatization in the marine environment, with possible me-
diation by phototrophic bacteria. Cyanobacteria flourished,
while the coprolites were lying on the shallow sea floor
within the photic zone, storing the phosphorus that was
available in the unconsolidated faecal material. The authors
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suggest that the role of these bacteria in phosphogenesis
was manifested later, following burial below the sediment—
—water interface, and included the supply of phosphorus to
the interstitial pore water in suboxic conditions. At this posi-
tion, the phosphorus stored in the cyanobacteria cells could
have been released. Cyanobacteria are known to store phos-
phorus as part of their metabolism and this can be released
back to the interstitial environment under suboxic condi-
tions (Schulz and Schulz, 2005; Goldhammer et al., 2010;
Brock and Schulz-Vogt, 2011). The concluding stages took
place below the sediment—water interface under less oxy-
genated conditions and witnessed phosphorus accumulation
and precipitation as calcium phosphate, gradually replacing
the original coprolite constituents. The intimate presence
of phosphatized cyanobacteria in the phosphate coprolites
supports their association with the phosphatization process,
possibly by serving as nuclei for the early phosphate pre-
cipitates. The subsequent crystallization of apatite in the
coprolites was most probably accomplished through long
periods of residence time and contact with P-rich seawater
or pore water.

Inorganic phosphogenesis

Other mechanisms of phosphate precipitation cannot be
excluded and may have contributed to the phosphogen-
ic events of the upper Cenomanian — lower Turonian and
upper Turonian in the BCB. Inorganic chemical precipi-
tation of phosphate could have been one of these mecha-
nisms, demonstrated by the diagenetic crystallization of the
phosphate and the development of the apatite crystallites
that were observed in some SEM images (Figs 5E, 8A).
The development of apatite crystallites cannot be attrib-
uted to a bacterial role; it indicates a digenetic process of
inorganic crystal growth of apatite on the original phos-
phate precipitates. Moreover, the inorganic phosphatization
of carbonate precursors, such as bivalve moulds, sponges
and bioclasts, could have been another mode of phospho-
genesis in the Cenomanian—Turonian sequence of the BCB,
evidenced by the common presence of these phosphatized
components in various horizons of the sequence (e.g., Zitt
et al., 1998; Wiese et al., 2004; Vodrazka et al., 2009;
Zitt et al., 2015).

CONCLUSIONS

Two types of bacteria were recognized in this study,
closely associated with carbonate-fluorapatite in phosphate
nodules (Bild Hora Formation) and phosphate coprolites
(Teplice Formation). The microbial fossils, identified in the
phosphate nodules as < 1-um-size filaments, strings of cells
and rods, resemble chemotrophic, sulphur-reducing bacte-
ria. On the other hand, the larger (2-3 um), coccoidal bi-
omorphs, with well-defined cell walls and empty interiors,
identified in the phosphate coprolites, are most probably
some kind of phototrophic cyanobacteria. These biomorphs
are phosphatized and composed of fluoride-rich calcium
phosphate.

The presence of chemotrophic, sulphur-reducing bacteria
in the phosphate nodules indicates anoxic conditions dur-
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ing the latest Cenomanian in the Pecinov Quarry section,
which is compatible with the globally recognized anoxic
conditions across the Cenomanian—Turonian boundary.
On the other hand, the authors suggest two successive en-
vironments for the phosphatization of the upper Turonian
phosphate coprolites. In an earlier one, the cyanobacteria
thrived and stored phosphorus in the faecal material in shal-
low, warm and oxic conditions of the marine photic zone.
In a later stage, the coprolites were buried below the sedi-
ment-water interface under suboxic conditions, where cyano-
bacteria released phosphorus in the interstitial environment.

The role of sulphur-reducing bacteria in the phosphate
nodules may have included the breakdown of P-rich, organ-
ic matter and the authigenic, biochemical precipitation of
phosphate in anoxic conditions below the sediment-water
interface. On the other hand, the phototrophic cyanobacte-
ria stored the phosphorus contained in the organic matter
of the coprolites under oxic conditions, followed by the
subsequent release of phosphate under suboxic conditions,
leading to gradual phosphatization of the coprolites together
with the bacterial biomorphs as fossil bacteria.
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